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Introduction {#sec001}
============

The alternative oxidase (AOX) is a widespread monotopic protein associated with mitochondria of plants \[[@pone.0173389.ref001], [@pone.0173389.ref002]\], some metazoa (Annelida, Sipuncula, Mollusca, Arthropoda) \[[@pone.0173389.ref003]\], fungi \[[@pone.0173389.ref001], [@pone.0173389.ref004]--[@pone.0173389.ref009]\] and protists \[[@pone.0173389.ref002], [@pone.0173389.ref010]--[@pone.0173389.ref013]\]. Early structural modeling suggested that the protein contains two hydrophobic regions and two iron binding motifs, which are involved in the transfer of electrons from two molecules of ubiquinol (QH~2~) to oxygen, resulting in the production of water \[[@pone.0173389.ref010]\]. This architecture was confirmed by the crystal structure of the protein from *Trypanosoma brucei* \[[@pone.0173389.ref014]\].

AOX facilitates respiratory activity of mitochondria and therefore the functioning of the Krebs cycle in the presence of inhibitors of the cytochrome pathway, such as nitric oxide or cyanide (both inhibitors of complex IV), and antimycin A (inhibitor of complex III) \[[@pone.0173389.ref002], [@pone.0173389.ref010], [@pone.0173389.ref015]\]. Furthermore, AOX is specifically inhibited by n-propylgallate (nPG) or n-octylgallate (nOG), and salicylhydroxamic acid (SHAM) \[[@pone.0173389.ref016]\]. As expected from its monotopic nature, the enzyme does not generate a proton electrochemical potential gradient, and thus it is not involved directly in the synthesis of ATP and the conservation of energy \[[@pone.0173389.ref002]\]. Regulation of AOX activity is similar in fungi and protists, but different in plants. In plants the enzyme is a homodimer which is activated by the reduction of a disulfide bridge between two cysteine residues located in different subunits of the homodimer, followed by the formation of a thiohemiacetal with a ketoacid, mostly pyruvate \[[@pone.0173389.ref015], [@pone.0173389.ref017]--[@pone.0173389.ref022]\]. In contrast, the AOX in fungi and protists is activated by AMP and GMP \[[@pone.0173389.ref023]--[@pone.0173389.ref026]\].

So far, the role of the alternative oxidase (AOX) in the majority of the organisms is unclear, but at least four general functions have been proposed for this protein. First, the presence of AOX prevents the inhibition of the Krebs cycle when the mitochondrial cytochrome pathway is blocked \[[@pone.0173389.ref027]\]. This allows anaplerotic reactions to feed biosynthetic pathways that maintain cell growth and survival under harmful conditions \[[@pone.0173389.ref028]\]. Second, a thermogenic effect generated by the activity of AOX in some plants has been described \[[@pone.0173389.ref029]\]. Third, AOX activity is an important cellular mechanism for the prevention of oxidative stress. Indeed, regulation of AOX expression by ROS has been reported for plants \[[@pone.0173389.ref030]\] and fungal cells \[[@pone.0173389.ref031]\]. Finally, AOX is important for the development of the parasite *T*. *brucei* \[[@pone.0173389.ref010]\]. Because the amount of mitochondrial cytochromes is insufficient when *T*. *brucei* is living in the bloodstream of its host, the activity of AOX is essential for the survival of the parasite \[[@pone.0173389.ref010]\]. Therefore, this enzyme has been proposed as a target for chemotherapeutic treatment of *T*. *brucei* infections \[[@pone.0173389.ref032]\].

In fungi it has been proposed that AOX participates in the response of cells against different types of stress. This is mainly based on observations that the amount of AOX transcripts is increased during e.g. heat shock in *Aspergillus niger* and *Yarrowia lipolytica* \[[@pone.0173389.ref031], [@pone.0173389.ref033]\], during an oxidative stress in *Aspergillus fumigatus* \[[@pone.0173389.ref034]\], *A*. *niger* \[[@pone.0173389.ref031]\], *Magnaporthe grisea* \[[@pone.0173389.ref008]\], *Candida albicans* \[[@pone.0173389.ref035]\], *Hansenula anomala* \[[@pone.0173389.ref036]\], *Paracoccidioides brasiliensis* \[[@pone.0173389.ref037]\], and under osmotic stress in *A*. *niger* \[[@pone.0173389.ref031]\]. In pathogenic fungi such as *Cryptococcus neoformans* \[[@pone.0173389.ref038]\] and *P*. *brasiliensis* \[[@pone.0173389.ref039]\] virulence was decreased when AOX gene was deleted, suggesting an important role for this enzyme during the infection process.

We study mitochondrial functions in *Ustilago maydis*, a dimorphic fungus of the basidiomycetes phylum, which infects the economically important crop maize \[[@pone.0173389.ref040], [@pone.0173389.ref041]\]. *U*. *maydis* represents a versatile eukaryotic model organism due to its easy cultivation and a set of established molecular, cell biological as well as biochemical tools. In the past *U*. *maydis* has been used to study several biological processes, such as host-parasite relationships \[[@pone.0173389.ref042]--[@pone.0173389.ref045]\], yeast-mycelium transition \[[@pone.0173389.ref045], [@pone.0173389.ref046]\], gene regulation \[[@pone.0173389.ref047]\], and more recently, intermediary metabolism \[[@pone.0173389.ref005], [@pone.0173389.ref023], [@pone.0173389.ref048]\].

Importantly, in comparison with other model yeasts such as *Saccharomyces cerevisiae*, mitochondria of *U*. *maydis* do contain an electron transport chain with the four classic respiratory complexes (complex I, II, III, and IV), the glycerol 3 phosphate shuttle, and a pair of alternative elements, at least an external NADH dehydrogenase, and the alternative oxidase, Aox1, which is activated by AMP \[[@pone.0173389.ref004], [@pone.0173389.ref023]\]. In contrast with the yeast *S*. *cerevisiae*, which can produce ethanol through fermentation \[[@pone.0173389.ref049]\], *U*. *maydis* is a fully respiratory microorganism that depends on mitochondrial activity for the synthesis of ATP \[[@pone.0173389.ref005], [@pone.0173389.ref050]\]. Previously, we have shown that inhibition of Aox1 activity by nOG induces lipid peroxidation \[[@pone.0173389.ref051]\]. In the present study we analyzed the biological function of the enzyme in more detail by combining expression studies and reverse genetics.

Materials and methods {#sec002}
=====================

Materials {#sec003}
---------

Analytical grade reagents were purchased from Sigma Chemical Co. (St. Louis, MO, USA), E. Merck (Darmstadt, Germany), BioRad (Hercules, CA, USA), Agilent Technologies (La Jolla, CA, USA), Axygen Biosciences (Union City CA, USA), Qiagen (Hilden, Germany), Millipore (Billerica, MA, USA) and Invitrogen/Life Technologies (Darmstadt, Germany). *U*. *maydis* ATCC 201384 FB2 was obtained from the American Type Cell Collection (Manassas, VA, USA).

Strains and cell cultures {#sec004}
-------------------------

Strains were constructed as described elsewhere \[[@pone.0173389.ref052]\]. *U*. *maydis* strains were grown at 28°C in rich YPD medium (1.0% glucose, 0.25% peptone, and 0.5% yeast extract), minimal medium (MM) with different carbon sources (1.0% glucose, 0.4% ethanol, 1.0% glycerol or 1.0% lactate) and nitrogen sources (0.3% of ammonium as (NH~4~)~2~SO~4~ or 0.3% of nitrate as KNO~3~), 1x salt and 1x mineral solutions \[[@pone.0173389.ref053]\]. In all cases, cells were cultured in 100 mL of YPD for 18--24 h, harvested by centrifugation at 1000 g, washed twice with H~2~O, and the final suspension (1 mL/g wet weight) was used to inoculate 1 L of medium with 20 absorption units (A600nm). The cells were harvested at the exponential or stationary phases and suspended with distilled H~2~O at a final ratio of 1 mL/g wet weight. Duplication times were obtained from measurements of the optical density at 600 nm.

Plasmid construction {#sec005}
--------------------

*Escherichia coli* Top10 (Invitrogen/Life Technologies) was used for cloning purposes with conventional culture and transformation techniques \[[@pone.0173389.ref054]\]. Plasmid pUMa2163 was generated using the Golden Gate cloning technology \[[@pone.0173389.ref055]\]. Briefly, upstream flank (UF) and downstream flank (DF) of *aox1* (accession number umag_02774) were generated by PCR on UM521 genomic DNA using oligonucleotide combinations oRL1400/oRL1401 and oRL1402/oRL1403 ([S1 File](#pone.0173389.s001){ref-type="supplementary-material"}), respectively. PCR products and pUMa1507 (storage vector I for simple knockout with HygR) were cut and ligated into pUMa1467 (destination vector) in a one-pot BsaI restriction/ligation reaction. For the construction of pUMa2169 a new UF containing the *aox1* ORF and 1015 bps upstream region was generated by PCR using oligonucleotide combination oRL1400/oRL1425 ([S1 File](#pone.0173389.s001){ref-type="supplementary-material"}) on UM521 genomic DNA. The product was cut with SfiI/XcmI and ligated with a 4300 bps SfiI/XcmI fragment derived from pUMa2163 as well as a 2448 bps SfiI/SfiI fragment derived from pUMa389, containing eGfp and a Nourseothricin-resistance cassette for C-terminal protein fusions \[[@pone.0173389.ref056]\]. Plasmid constructions were verified by analytical restriction reactions as well as by sequencing of all regions amplified by PCR. For ectopic expression of *aox1*-Gfp under control of the Potef promoter, the ORF of *aox1* was amplified by PCR using oligonucleotide combinations oDD808/oMF894 (with 5 \'UTR), and oDD809/oMF894 on UM521 DNA and was introduced into p123 \[[@pone.0173389.ref057]\].

Oxygen consumption measurement {#sec006}
------------------------------

Oxygen consumption was measured in a 1.5 mL chamber at 30°C, using a Clark-type electrode connected to an YSI5300A biologic oxygen monitor \[[@pone.0173389.ref004], [@pone.0173389.ref023]\]. The assays were carried out in 20 mM Tris-HCl pH 7.0, 5 to 10 mg of cells (wet weight), and 7.0 mM glucose as substrate. 1.0 mM potassium cyanide (CN) was used to inhibit the cytochrome pathway and 6.0 μM of n-octylgallate (nOG) to inhibit the alternative oxidase (Aox1). Ethanol or dimethyl sulfoxide (DMSO), were used to prepare the 4.0 mM stock solution of nOG.

Mitochondria isolation {#sec007}
----------------------

*U*. *maydis* cells were harvested by centrifugation (3000 g, 5 min), washed twice with distilled H~2~O, and resuspended in lysis buffer (300 mM mannitol, 50 mM KH~2~PO~4~, 5.0 mM MgCl~2~, 1.0mM EDTA, 20 mM Hepes-KOH, pH 7.0) to a final ratio of 3.5 mL/g wet weight. Subsequent steps were carried out in the same buffer at 4°C. Cells were disrupted with glass beads, in the presence of 1.0 mM of phenylmethanesulfonyl fluoride (PMSF); the tubes were agitated 4 times for 30 s, at 2 min intervals in a Mini-Beadbeater (Biospec products, USA). Mitochondria were isolated by differential centrifugation as previously described \[[@pone.0173389.ref023]\]. Briefly, cell debris was eliminated by centrifugation at 3000 g for 10 min. The mitochondrial pellet was obtained by spinning the 3000 g supernatant for 10 min at 12000 g, washed once to eliminate cytosolic contamination, and suspended with lysis buffer to a final protein concentration of 10--30 mg/mL.

Determination of protein concentration {#sec008}
--------------------------------------

Protein concentration was determined as described by Lowry et al. \[[@pone.0173389.ref058]\]. Bovine serum albumin (BSA) was used as standard.

Microscopy, image quantitative analysis and flow cytometry {#sec009}
----------------------------------------------------------

Microscopic analysis of sporidial and hyphal cells of *U*. *maydis* was performed as described before \[[@pone.0173389.ref052]\]. For staining with Mitotracker Red *U*. *maydis* cultures were grown to an OD~600~ = 0,5 incubated with 1 mg/ml Mitotracker Red CM-H~2~ROS (Thermo Fisher, Waltham, MA, USA) for 5 minutes, washed with CM and then directly analysed. For biotin staining of the cell wall, *U*. *maydis* cells were harvested and washed twice with 50 mM PBS (pH 8.0), resuspended in PBS with 1mg/ml biotin and incubated for 30 min at room temperature. Washed thrice with 6x Vol.TM buffer (50 mM Tris-HCl, 50 mM MgCl~2~, pH 7.5), and 1x with 6x Vol. PBS. For subsequent biotin staining with avidin cells were washed twice with 6x Vol. H~2~O, resuspended in 1ml H~2~O + 1 μl Extravidin-TRITC (a modified avidin conjugated to the fluorochrome tetramethyl-rhodamine isothiocyanate; Sigma-Aldrich) and incubated for 10 min at room temperature. Cells were washed twice with 1 ml H~2~O and resuspended in fresh medium. For Aox1-Gfp expression analysis by flow cytometry the Uma1333 (Aox1-Gfp) strain was used. Samples of cells grown in minimal media supplied with ethanol as carbon source, harvested in the stationary phase, incubated in the presence of glucose 1.0% and in the presence or absence of antimycin A were taken every hour for 5 hours. Cellular samples were fixed with paraformaldehyde 0.5% in PBS buffer (monobasic potassium phosphate 3.0 mM; dibasic sodium phosphate 10 mM; sodium chloride 155 mM, pH 7.4) and then the data acquired on a BD Bioscience (Franklin Lakes, NJ, USA), FACScalibur flow cytometer and analysed with the Flow Jo software \[[@pone.0173389.ref059]\].

Desiccation test {#sec010}
----------------

The desiccation test was adapted from Capece *et al*. 2016. \[[@pone.0173389.ref060]\]. Cultures of *U*. *maydis* strains were grown until they reached stationary phase. Cultures were then diluted to an OD~600~ of 1.0. Subsequently, 1 ml aliquots of the cell cultures were transferred to 1.5 ml reagent tubes. After centrifugation, the supernatant was discarded and the cell pellets were dried for 0 or 4 hours at 28°C. Subsequently, the pellets were suspended in 1 ml H~2~O and cells resuspended by incubating at 28°C and 1.000 rpm. The resuspended cells were plated on CM + glucose plates and after three days of growth, the colony forming units (cfu) were quantified.

SDS-PAGE and Aox1 immunodetection {#sec011}
---------------------------------

Proteins from mitochondrial preparations were separated by SDS-PAGE on 7.5% (w/v) polyacrylamide slab gels \[[@pone.0173389.ref061]\], and transferred to a PVDF membrane by a discontinuous buffer system \[[@pone.0173389.ref062]\]. Nonspecific antibody-binding sites were blocked in a Tris-buffered saline-Tween solution (TBST) with 5% of nonfat milk. Detection of the wild type Aox1 protein was carried out with a monoclonal anti-AOX antibody (dilution 1:100), raised against *Sauromatum guttatum* (voodoo lily) AOX \[[@pone.0173389.ref063]\]. Detection of Gfp fusion proteins was carried out with a mixture of two monoclonal antibodies against Gfp (clones 7.1 and 13.1, Roche Diagnostics, Basel, Switzerland). Bound antibodies were detected with the appropriate HRP-labeled secondary antibodies and the immobilon western chemiluminescence HRP substrate (Merck Millipore, Darmstadt, Germany).

Results and discussion {#sec012}
======================

Aox1 capacity and protein amount is highly elevated during stationary phase {#sec013}
---------------------------------------------------------------------------

In order to learn more about the function of Aox1 we settled out to investigate enzyme capacity during the saprophytic yeast phase at different nutritional conditions. To this end we tested different nutrients and generated growth curves to define the exponential and stationary phases for each condition. An association between AOX expression and both the growth phase and the carbon source has been observed in other fungi, although the expression patterns depended on the fungus species. For instance, AOX capacity was insignificant during the exponential phase when *Pichia membranifaciens*, *Debaryomyces hansenii*, and *Y*. *lipolytica* were cultured in the presence of glucose, and increased when cells reached the stationary phase \[[@pone.0173389.ref050], [@pone.0173389.ref064], [@pone.0173389.ref065]\]. *C*. *albicans* contains two alternative oxidases, Aox1A and Aox1B; Aox1A is constitutive, while Aox1B is expressed during the exponential phase when cells were grown in the presence of non-fermentable sources, but there was no expression of Aox1B in the presence of glucose \[[@pone.0173389.ref066], [@pone.0173389.ref067]\]. When *Pichia pastoris* was cultured in a medium containing glucose as carbon source, the expression of the AOX occurred in both the exponential and stationary phases (\[[@pone.0173389.ref068]\]).

Glucose, regardless the nitrogen source, and ethanol were good substrates for *U*. *maydis*, growing with duplication times between 2.0 ± 0.1 and 4.9 ± 0.3 h ([S1 Fig](#pone.0173389.s002){ref-type="supplementary-material"}). For glucose and ethanol 10 h corresponded to the exponential phase and 24 h to the stationary phase ([S1 Fig](#pone.0173389.s002){ref-type="supplementary-material"}). In contrast, cell growth in the presence of glycerol or lactate was quite slow ([S1 Fig](#pone.0173389.s002){ref-type="supplementary-material"}), such that 50 h corresponded to the exponential phase, and 125 h to the early stationary phase. Importantly, we can now differentiate precisely between exponential and stationary phases under the different growth conditions.

Previously, we reported that mitochondrial oxygen consumption by *U*. *maydis* depends on the classic cytochrome pathway (complexes I, II, III, and IV) and the Aox1 \[[@pone.0173389.ref004]\], which is inhibited by nOG and activated by AMP \[[@pone.0173389.ref023]\]. Taking advantage of this specific inhibition, we determined the respiratory activity of *U*. *maydis* cells cultured in media with different carbon and nitrogen sources, and harvested in the exponential or stationary phase. As shown in [Fig 1A](#pone.0173389.g001){ref-type="fig"}, two types of results were observed upon the addition of cyanide, which can be explained by the amount of Aox1 in the inner mitochondrial membrane. Cells grown in YPD and harvested in the stationary phase showed a more a less continuous rate of oxygen consumption when the cytochrome pathway was inhibited by cyanide, indicating a high capacity of the Aox1. The same holds true for cells cultivated in minimal medium with glucose and ammonium or nitrate as nitrogen sources ([Fig 1B](#pone.0173389.g001){ref-type="fig"}). This result was not unexpected since an increase of oxygen uptake in *U*. *maydis* cells upon the addition of antimycin A was described previously \[[@pone.0173389.ref069], [@pone.0173389.ref070]\]. However, for cells grown in the presence of glucose and harvested in the exponential phase, there was a large inhibition of the respiratory activity (80--98%), pointing to a low capacity of the Aox1 ([Fig 1A](#pone.0173389.g001){ref-type="fig"}). This effect was observed with the three nitrogen sources and in the presence of glucose ([Fig 1B](#pone.0173389.g001){ref-type="fig"}), suggesting that this behavior strongly depends on the growth phase of the cells. For the other carbon sources (ethanol, glycerol, and lactate), an inhibition of the respiratory activity by cyanide was observed in both growth phases ([Fig 1B](#pone.0173389.g001){ref-type="fig"}). In all cases, the residual respiratory activity was inhibited by nOG, indicating the participation of Aox1. In essence, higher Aox1 capacities were obtained when cells were grown in the presence of glucose and harvested at stationary phase ([Fig 1B](#pone.0173389.g001){ref-type="fig"}). It should be noted that addition of nOG instead of cyanide produced only 0--15% inhibition of oxygen consumption in nearly all conditions, even in the mutant lacking Aox1 (data not shown).

![Aox1 is expressed in the stationary phase.\
**A)** Representative oxygen consumption measurements of FB2 sporidia in exponential and stationary phases. Respiration resistant to potassium cyanide (KCN) in *U*. *maydis* was due to the alternative oxidase (Aox1), which was inhibited by the addition of 6.0 μM of n-octylgallate (nOG). **B)** Percent of Aox1 capacity of cells cultured in several carbon and nitrogen sources and harvested at the exponential and stationary phases. The respiratory activity was determined from the slope obtained before and after the addition of cyanide, as shown in Fig 1A. **C)** Western blot of the Aox1 in mitochondria of cells cultured in different carbon and nitrogen sources. The Coomassie stain shows similar protein load for the different lanes.](pone.0173389.g001){#pone.0173389.g001}

To verify these results we followed two different strategies. Firstly, we detect the amount of Aox1 in mitochondrial protein fractions. To this end we performed Western blot experiments using a monoclonal antibody raised against plant AOX from *S*. *guttatum* (voodoo lily) \[[@pone.0173389.ref023], [@pone.0173389.ref063]\]. The antibody detected only a single band in the expected size of 49 kDa ([Fig 1C](#pone.0173389.g001){ref-type="fig"}). In agreement with the results shown in [Fig 1B](#pone.0173389.g001){ref-type="fig"}, the presence of Aox1 was observed only in mitochondria isolated from cells grown in the presence of glucose and harvested at the stationary phase ([Fig 1C](#pone.0173389.g001){ref-type="fig"}). In contrast, Aox1 was not detected in cells grown in the presence of glucose but harvested in the exponential phase ([Fig 1C](#pone.0173389.g001){ref-type="fig"}), or when cells were cultured in ethanol, glycerol or lactate, independent of the growth phase ([Fig 1C](#pone.0173389.g001){ref-type="fig"}).

Secondly, we generated strains expressing Aox1 fused at its C-terminus with Gfp (Aox1-Gfp) at the homologous locus of laboratory strain FB2. In order to test the functionality of the fusion protein we compared its capacity to wild type and to gene deletion mutant *aox1Δ* ([Fig 2A](#pone.0173389.g002){ref-type="fig"}). Testing the latter strains revealed that, as expected, no alternative oxidase activity could be measured ([Fig 2B](#pone.0173389.g002){ref-type="fig"}). Aox1-Gfp was clearly functional although its capacity was reduced in comparison to wild type ([Fig 2B](#pone.0173389.g002){ref-type="fig"}).

![Validation of the function and localization of Aox1-Gfp and other mutants.\
**A)** Schematic depiction of the genomic loci of the investigated strains. For deletion the ORF of *aox1* was replaced by a hygromycin resistance cassette. The strains with the genotype *aox1-Gfp* express a C-terminal Gfp fusion of *aox1* under control of the native *aox1* promoter. Ectopic expression of aox1-gfp was achieved by introducing a C-terminal fusion with Gfp in the defined *cbx* locus. These constructs were expressed by the constitutive active P~otef~ promoter. Where indicated, constructs included the 65 bp native 5\' UTR of *aox1*. **B)** Representative respiration profiles of FB2 (*wt*) and *aox1Δ* sporidia in the stationary phase upon addition of respiratory inhibitors. Potassium cyanide (KCN), inhibits complex IV of the respiratory chain. Residual respiration is due to the activity of alternative oxidase (Aox1) and can be inhibited by addition of n-octylgallate (nOG). Note that FB2aox1Δ does not show any respiration after addition of CN. Furthermore, oxidase capacity of *aox1-Gfp* in FB2aox1-Gfp seems to be attenuated, due to lower oxygen consumption ([S2 Fig](#pone.0173389.s003){ref-type="supplementary-material"}). **C)** Localization of Aox1-Gfp into the mitochondria of stationary phase sporidia of *U*. *maydis*. Sporidial cells were stained with Mitotracker Red and Aox1-Gfp. Fluorescence signals were analyzed by fluorescence microscopy. **D)** Aox1-Gfp signal can only be seen in the stationary phase of growth. Mixed culture of sporidial cells in exponential phase (OD600 \~0.5) labeled with biotin/avidin-TRITC, and a stationary phase culture of *U*. *maydis*.](pone.0173389.g002){#pone.0173389.g002}

Studying cells grown to stationary phase using fluorescence microscopy revealed that Aox1-Gfp localized to mitochondria *in vivo* ([Fig 2C](#pone.0173389.g002){ref-type="fig"}). In order to compare the amount of Aox1-Gfp in mitochondria from exponentially grown cells and cells from the stationary phase we analyzed a mixture of cells simultaneously ([Fig 2D](#pone.0173389.g002){ref-type="fig"}, exponentially grown cells were labeled with biotin/avidin-TRITC for identification). This showed unambiguously that mitochondrial Aox1-Gfp was only detected in cells from the stationary phase. In summary, Aox1 capacity and expression was specifically induced when cells enter the stationary phase.

At first sight, this behavior makes sense. In the exponential phase, cells are rapidly dividing and engaged in biosynthetic processes supported by ATP \[[@pone.0173389.ref065], [@pone.0173389.ref071]\]. Since Aox1 decreases the efficiency of the oxidative phosphorylation its activity should be turned off or decreased when cells have a high requirement of ATP. However, cells in the stationary phase will face an environment with hypoxia, due to the high cell density reached at the end of the exponential phase and the large respiratory capacity of *U*. *maydis* cells. These are indeed the conditions for reduction of the ubiquinone pool in mitochondria and the generation of reactive oxygen species (ROS). Since AOX has been implicated in the protection against ROS, the increase in AOX capacity at the stationary phase might be related to this specific function. However, with ethanol, lactate, and glycerol the Aox1 capacity was approximately the same when cells moved from the exponential into the stationary phase ([Fig 1B](#pone.0173389.g001){ref-type="fig"}) pointing to a specific effect of glucose on the expression and/or capacity of Aox1 during the growth curve. In agreement with our results AOX was present in both phases when *D*. *hansenii* was grown with lactate as the carbon source, suggesting that this effect is related with the presence of glucose and the growth phase \[[@pone.0173389.ref065]\].

Aox1 expression is transcriptionally induced at the early stationary phase {#sec014}
--------------------------------------------------------------------------

In order to analyze the precise timing of Aox1 expression we performed time course experiments with Aox1-Gfp. We observed an increase of Aox1-Gfp amount at the onset of the stationary phase ([Fig 3A](#pone.0173389.g003){ref-type="fig"}). Since changes in pH of the culture medium during the cell growth might be associated with the expression of Aox1 we grew the cells in the presence of 100 mM MOPS (pH 7) to avoid acidification. Changes in the amount of Aox1 during incubation time were detected in cell extracts using anti-Gfp antibodies. The expression pattern of Aox1 was the same regardless of the acidification of the extracellular environment ([Fig 3B](#pone.0173389.g003){ref-type="fig"}). This observation is in agreement with our results that the pH value of the cultivation medium did not have any influence on the growth of FB2 or FB2aox1Δ ([S3 Fig](#pone.0173389.s004){ref-type="supplementary-material"}).

![Expression of Aox1-Gfp.\
**A)** Expression of Aox1-Gfp dependent on OD and growth phase. Aox1-Gfp is expressed in the stationary phase. Aox1-Gfp was detected by anti-Gfp. Tub1 serves as loading control. **B)** Expression of Aox1-Gfp is not dependent on acidification of the media. Western Blot, growth curve, and pH values of the media (unbuffered = CM; buffered = CM + 100 mM MOPS) depending on time. **C)** Sporidia of FB2, FB2Potef:aox1-Gfp, and FB2Potef:5\'UTR-aox1-Gfp showing that aox1-Gfp under the control of the otef-promoter is expressed irrespective of the growth phase.](pone.0173389.g003){#pone.0173389.g003}

To explore the main regulatory step of Aox1 expression we constructed two mutants in which the wild type promoter was replaced by the constitutively active promoter P~otef~ ([Fig 2A](#pone.0173389.g002){ref-type="fig"}). In one case we included the 5´ untranslated region of *aox1* to account for potential translational regulation (P~otef~:5´UTR-aox1-Gfp; [Fig 2A](#pone.0173389.g002){ref-type="fig"}). In both cases Aox1 capacity was comparable to wild type ([S2 Fig](#pone.0173389.s003){ref-type="supplementary-material"}), indicating that the increased expression of Aox1-Gfp rescued the slight defect of the C-terminal fusion of Aox1 with Gfp (compare [Fig 2B](#pone.0173389.g002){ref-type="fig"} and [S2 Fig](#pone.0173389.s003){ref-type="supplementary-material"}) \[[@pone.0173389.ref072]\].

Analyzing these strains revealed that the Aox1-Gfp amount was detectable at the same levels during the exponential and stationary phases ([Fig 3C](#pone.0173389.g003){ref-type="fig"}). This suggests that the main regulatory step takes place at the transcriptional level since the constitutive synthesis of *aox1* mRNA resulted in the presence of the Aox1-Gfp in mitochondria from cells harvested in both the exponential and stationary growth phases. In some plants and fungi, the presence of oxidative stress \[[@pone.0173389.ref073], [@pone.0173389.ref074]\], low or high temperature \[[@pone.0173389.ref075], [@pone.0173389.ref076]\], or osmotic stress \[[@pone.0173389.ref077]--[@pone.0173389.ref079]\], induces an increase in the concentration of AOX in mitochondria \[[@pone.0173389.ref066]\]. In the majority of the cases, this was associated with an activation of the synthesis of RNA, indicating that the expression of AOX in plants and fungi is mainly regulated at the transcriptional level \[[@pone.0173389.ref080]--[@pone.0173389.ref082]\].

Aox1 is dispensable for yeast-like growth and for the response to different temperatures {#sec015}
----------------------------------------------------------------------------------------

Next we wanted to learn more about the biological role of Aox1. It is difficult to interpret the results from experiments with the AOX inhibitors because they affect other processes in cells. For example, gallates inhibit the growth of *S*. *cerevisiae* in spite of the absence of an AOX in this organism \[[@pone.0173389.ref083], [@pone.0173389.ref084]\]. Therefore, we used the *aox1*Δ mutant ([Fig 2A](#pone.0173389.g002){ref-type="fig"}) to study the participation of this enzyme at different stages of the life cycle of *U*. *maydis*. First we used the FB2 strain to analyze the influence of Aox1 on the saprophytic growth of *U*. *maydis* \[[@pone.0173389.ref057]\]. In contrast to other reports in fungi (see below) we did not observe any difference between the FB2 wild type and the *aox1*Δ mutant. Cell budding ([Fig 4A](#pone.0173389.g004){ref-type="fig"}), growth rate in complete medium ([Fig 4B](#pone.0173389.g004){ref-type="fig"}), and sensitivity to low (20°C) or high (37°C) temperatures ([Fig 4C](#pone.0173389.g004){ref-type="fig"}) were basically the same regardless the presence of Aox1, indicating that this enzyme was not involved in any of these processes. The growth rate of FB2 and FB2aox1Δ was even comparable when using different carbon sources ([S3 Fig](#pone.0173389.s004){ref-type="supplementary-material"}). It is worth noting that similar growth rates for wild type and the mutant lacking Aox1 cultured in liquid rich medium were reported previously in *U*. *maydis* \[[@pone.0173389.ref069]\].

![Effect of Aox1 on the sporidia growth of *U*. *maydis* and sensitivity to temperature.\
**A)** Budding of yeast cells. Sporidia of FB2 (wt), FB2aox1Δ, FB2aox1-Gfp, and FB2Potef:aox1-Gfp. **B)** Time course of cell growth in rich medium as measured by the absorbance at 600 nm. **C)** Effect of temperature on the growth of sporidia. Growth plates with 1:5 dilutions (starting with OD = 0.5).](pone.0173389.g004){#pone.0173389.g004}

Next we studied both the filamentous growth using the AB33 strain (wt and *aox1Δ*) and corn infection using the compatible FB1 and FB2 strains. Deletion of the *aox1* gene had no effect on the filamentous growth of the cell as hyphae grew unipolarly, and inserted septa at the basal pole ([Fig 5A](#pone.0173389.g005){ref-type="fig"}). Also the rate of bipolar cells were not drastically increased ([Fig 5B](#pone.0173389.g005){ref-type="fig"}) suggesting that microtubule-dependent processes were not disturbed, since it is known that this results in an increased rate of bipolarity \[[@pone.0173389.ref052], [@pone.0173389.ref085]\]. Also, overexpression of the enzyme did hardly affect the filamentous growth programme although we observed a slight increase in the amount of bipolar hyphae in strains expressing Aox1-Gfp ([Fig 5A and 5B](#pone.0173389.g005){ref-type="fig"}). More interestingly, infection of the maize plant was not affected by the absence of the Aox1 ([Fig 5C](#pone.0173389.g005){ref-type="fig"}) indicating that this enzyme does not have a role during the initial infection and the further development of *U*. *maydis* inside the plant.

![Effect of Aox1 on the growth of *U*. *maydis* and infectivity.\
**A)** Filamentous growth of *U*. *maydis* AB33 derivatives 8 h.p,i., size bar, 10 μm. DIC and Gfp fluorescence images are depicted for each strain. Note that the Gfp-labelled images in AB33 and AB33aox1Δ depict unspecific fluorescence, which is detectable with low intensity in these control strains. **B)** Percentage of hyphae (8 h.p.i.): unipolarity, bipolarity, and septum formation was quantified (error bars, s.e.m.; n = 3 independent experiments; \>100 hyphae were counted per experiment; note that septum formation is given relative to the values of unipolar or bipolar hyphae set to 100%). **C)** Results of plant infection experiments with wt strains (FB1 x FB2) and the *aox1Δ* strains (FB1aox1Δ x FB2aox1Δ). The percentage of plants with typical disease symptoms is given (two experiments, at least 50 plants infected with each strain).](pone.0173389.g005){#pone.0173389.g005}

In several pathogenic fungi, this enzyme participates in cellular growth, morphological transitions (yeast-mycelium) \[[@pone.0173389.ref037], [@pone.0173389.ref086]\], and in some cases in the infection of the specific host \[[@pone.0173389.ref087], [@pone.0173389.ref088]\]. Incubation of *Sclerotinia sclerotiorum* in the presence of salicylhydroxamic acid (SHAM) inhibits the mycelial growth of the organism and diminished the biomass yield \[[@pone.0173389.ref089]\]. Similar results were obtained with *Nomuraea rileyi* \[[@pone.0173389.ref090]\]. Either incubation of *N*. *rileyi* with SHAM or knock-down of the AOX gene drastically changed the hyphae morphology, decreased the microsclerotial production, and reduced the growth yield of the fungus \[[@pone.0173389.ref090]\]. Mutants of *C*. *neoformans*, *P*. *brasiliensis*, and *C*. *albicans* lacking the AOX showed low virulence and low tolerance to oxidative and other types of stress \[[@pone.0173389.ref037], [@pone.0173389.ref038], [@pone.0173389.ref066], [@pone.0173389.ref091]\]. In *M*. *grisea* loss of Aox1 had no effect on the pathogenicity and virulence of this organism during the infection of barley leaves. Interestingly, AOX was essential when the infection assays were conducted in the presence of azoxystrobin, a fungicide that interacts with the respiratory complex III of *M*. *grisea* \[[@pone.0173389.ref092]\].

Aox1 is crucial in coping with respiratory stress in the yeast and hyphal form {#sec016}
------------------------------------------------------------------------------

Thus far we only tested normal unstressed conditions. In order to investigate a role of Aox1 during respiratory stress we used antimycin A to block complex III resulting in respiratory defects. Like some commercial antifungal molecules that inhibit complex III (azoxystrobin or metominostrobin \[[@pone.0173389.ref093]\]), antimicyn A also induces a respiratory stress. Loss of Aox1 renders yeast-like cells of *U*. *maydis* completely sensitive to antimycin A whereas the growth of the wild type and of strains expressing Aox1-Gfp was similar, supporting our previous conclusion that Aox1-Gfp was at least partially functional. To better outline the differences between cells lacking Aox1 (FB2aox1Δ), cells containing normal amounts of Aox1 but with different activities (WT, FB2aox1-Gfp), and cells overexpressing the enzyme (P~otef~:5'UTR-aox1-Gfp and P~otef~:aox1-Gfp) we measured the number of colonies forming units (cfu) in the presence or absence of antimycin A. In the absence of the inhibitor, the number of colonies was independent of the presence of Aox1 or the expression levels of this enzyme in cells from both the exponential and stationary growth phases, indicating similar viability in all conditions ([Fig 6B](#pone.0173389.g006){ref-type="fig"}). Growth in the presence of antimycin A was fully inhibited in cells lacking the *aox1* gene, regardless of the growth phase, indicating the importance of this enzyme for cell growth when the cytochrome pathway was inhibited (complex III or IV; [Fig 6A and 6B](#pone.0173389.g006){ref-type="fig"}). For cells expressing the normal amount of the protein, FB2 and FB2aox1-Gfp strains, their viability on media containing antimycin A was smaller in the exponential phase than in the stationary phase in agreement with the lower amount of Aox1 in the exponential phase ([Fig 6A and 6B](#pone.0173389.g006){ref-type="fig"}). Interestingly, viability or cell survival in the presence of antimycin A was fully recovered when cells overexpressed the Aox1 (P~otef~:5'UTR-aox1-Gfp and P~otef~: aox1-Gfp), in both growth phases ([Fig 6B](#pone.0173389.g006){ref-type="fig"}), indicating that the alternative oxidase is important to deal with the inhibition of the respiratory chain, allowing the generation of a proton motive force via complex I, and restoring the growth capacity. In agreement with previous reports the presence of antimycin A induced the synthesis of Aox1 ([Fig 6C](#pone.0173389.g006){ref-type="fig"}) \[[@pone.0173389.ref023]\], pointing to an unknown regulatory circuit. It has been proposed that the signal underlying the synthesis of AOX is an increase in ROS, specifically hydrogen peroxide \[[@pone.0173389.ref073], [@pone.0173389.ref074]\]. A recent study reports that the AOX was essential to maintain mitochondrial respiration when plants were exposed to drought, an abiotic stress that inhibits the cytochrome pathway \[[@pone.0173389.ref094]\]. In order to test for a similar function of Aox1 in *U*. *maydis*, we subjected FB2 derivates to desiccation. However, comparable survival rates were obtained for all *aox1* alleles ([Fig 6D](#pone.0173389.g006){ref-type="fig"}).

![Effect of the presence of Aox1 on the sensitivity of sporidia to antimycin A.\
**A)** Sensitivity of *U*. *maydis* WT (FB2) and mutants (FB2aox1Δ and FB2aox1-Gfp) to antimycin A. 10 μl of antimycin A (10 mg/ml) was placed in the center of the plate with *U*. *maydis* cells, and the radius of inhibition of the growth for FB2, FB2aox1Δ and FB2aox1-Gfp was measured. **B)** Colony forming units obtained in presence or absence of antimycin A by cells harvested at the exponential and stationary phases. **C)** Induction of Aox1-Gfp expression by antimycin A (2 μM final concentration). The fluorescent signal was measured by flow cytometry. **D)** Sensitivity of *U*. *maydis* WT and mutants to dessication.](pone.0173389.g006){#pone.0173389.g006}

Importantly, the same protection of Aox1 during respiratory stress is also operational during hyphal growth. In the absence of antimycin A growth of AB33 strains (*wt*, *aox1Δ*, *aox1-Gfp*, *P*~*otef*~:*5'UTR-aox1-Gfp* and *P*~*otef*~:*aox1-Gfp*), measured by the increase in the length of the hyphae, was basically the same independent of the expression of Aox1 ([Fig 7A and 7B](#pone.0173389.g007){ref-type="fig"}). With antimycin A in the medium only the wt (AB33) and the two strains overexpressing the protein (AB33P~otef~:5'UTR-aox1-Gfp, and AB33P~otef~:aox1-Gfp) displayed normal filamentous growth. In the aox1Δ, filamentous growth was fully inhibited, whereas cells containing the fusion of Aox1 with Gfp showed a reduced filamentous growth, suggesting that the smaller capacity of Aox1-Gfp was not enough to support the synthesis of ATP required for this process. In summary, in both growth forms of *U*. *maydis*, i.e. yeast-like and hyphal growth, Aox1 is crucial to cope with respiratory stress. With few exceptions plants and fungi increase their AOX capacity when incubated with H~2~O~2~, menadione or paraquat \[[@pone.0173389.ref034], [@pone.0173389.ref066], [@pone.0173389.ref067]\], suggesting an important role of the AOX to cope with oxidative stress. Western blot analysis also indicates an increase in the mitochondrial AOX content for some of these studies \[[@pone.0173389.ref066]\] and also an increase in AOX transcripts \[[@pone.0173389.ref081], [@pone.0173389.ref082]\]. After a 3--4 h incubation of *U*. *maydis* sporidia in the presence of sodium azide, cyanide or antimycin A, there was an increase in the rate of oxygen uptake in the presence of cyanide \[[@pone.0173389.ref069], [@pone.0173389.ref070]\] pointing to an increase in the AOX content.

![Effect of the presence of Aox1 and antimycin A on the filamentous growth of *U*. *maydis*.\
**A)** Filamentous growth of *U*. *may*dis AB33 wt and mutants in the presence or absence of antimycin A. **B)** Measurement of the length of the hyphae formed by *U*. *maydis* AB33 and derivatives in the presence or absence of antimycin A.](pone.0173389.g007){#pone.0173389.g007}

Conclusion {#sec017}
==========

Aox1 is specifically induced during the stationary phase when cells are cultured in the presence of glucose, independent of the nitrogen source. With other carbon sources the expression of Aox1 was much smaller than with glucose and approximately the same in both growth phases. Acidification of the growth media was not implicated in the expression of Aox1 in the stationary phase. It seems that in rich YPD medium expression of Aox1 is mainly regulated at the transcriptional level. In spite of the many roles proposed for AOX in fungal cells, in *U*. *maydis* this enzyme does not participate in the growth of yeast cells or in the adaptation of cells to high or low temperatures. Aox1 is dispensable for infectious growth and plant infection. However, Aox1 allows the cells to grow in the presence of respiratory chain inhibitors. Thus, although Aox1 is not essential for the known normal biology of the fungus, it is clearly needed to cope with respiratory stress at different stages of the life cycle. It is important to note that Aox1 might carry out additional functions during specific environmental conditions that escaped our analysis, such as the survival and pathogenicity of *U*. *maydis* in the presence of fungicides.

Supporting information {#sec018}
======================

###### Description of strains, plasmids and oligonucleotides used in this study.

(PDF)

###### 

Click here for additional data file.

###### Growth curves of *Ustilago maydis*.

*Ustilago maydis* was grown in different carbon and nitrogen sources and the absorbance at 600nm measured at the indicated time. **YPD**, rich medium (1.0% glucose, 0.25% peptone, and 0.5% yeast extract); **NH**~**4**~^**+**^, minimal medium with glucose (1.0%) and ammonium sulfate (0.3%); **NO**~**3**~^**-**^, minimal medium with glucose (1.0%) and potassium nitrate (0.3%); **EtOH**, minimal medium with ethanol (0.4%) and ammonium sulfate (0.3%); **Lactate**, minimal medium with lactate (1.0%) and ammonium sulfate (0.3%); **Glycerol**, minimal medium with glycerol (1.0%) and ammonium sulfate (0.3%).

(TIF)

###### 

Click here for additional data file.

###### Respiratory activity of strains with the Aox1 fuse to Gfp.

Oxygen consumption was measured as indicated under material and methods. Respiratory traces of ***aox1-Gfp***, ***Potef*:*5'UTR-aox1-Gfp***, and ***Potef*:*aox1-Gfp*** sporidia in the stationary phase. Arrows show the addition of KCN and n-octylgallate (nOG).

(TIF)

###### 

Click here for additional data file.

###### Growth curves of *Ustilago maydis* FB2 and FB2aox1Δ.

*Ustilago maydis* wild type and the strain lacking *aox1* were grown in different carbon sources as in [S1 Fig](#pone.0173389.s002){ref-type="supplementary-material"}, using ammonium sulfate (0.3%) as nitrogen source. Minimal medium with glucose was prepared with or without 50 mM MOPS.

(TIF)

###### 

Click here for additional data file.
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